The mechanisms by which many haemoproteins fulfil their roles in biological oxidation and peroxide catalysis are not yet completely defined in spite of great experimental activity in this field of research. It would be of considerable help in arriving at an understanding of those mechanisms involving the higher oxidation states of haemoproteins if we knew the structures of the higher oxidation compounds. Great effort has been put into a determination of the absorption spectra (Keilin & Hartree, 1951; Chance, 1952a; George, 1953) of the higher oxidation compounds for it is only through the absorption spectra that these compounds can be followed separately and quantitatively through their reactions. Other properties, such as the magnetic moments and number of oxidizing equivalents of the compounds, can only be evaluated accurately after the absorption spectra have been established. The spectra themselves are useful in that they can be related to structure (see preceding paper).
Attention in this paper is directed particularly to the green primary compounds, 'compound I', of catalase and peroxidase with peroxides. Chance (1949a) has stated that alkyl hydroperoxides can convert free catalase completely into compound I. Our experiments show that this is only approximately correct, and we produce an absorption spectrum different from those arrived at in the past for primary compounds. The spectrum is not similar to any known haematin-containing protein, nor to any known porphyrin. We tentatively conclude that the oxidative event which has taken place is in part an attack on the porphyrin conjugated ring system, saturating it at one methene bridge. This conclusion is reinforced by similarities between our spectrum of compound I and the spectra of certain bile pigments.
MATERIALS AND METHODS
Catalase was prepared at the Johnson Research Foundation, University of Pennsylvania, U.S.A., from MicrococcUS ly8odeikticu8 (American Type Culture Collection no. 4698) produced on a large scale in submerged culture (Beers, 1955) . The enzyme was extracted by the method of Herbert & Pinsent (1948) and purified by repeated precipitations with acetone from neutral 0-01 as-phosphate buffer (A. S. Brill & A. C. Maehly, unpublished work). Catalase concentration was measured by light-absorption at 406mp
(Soret peak) in a Unicam quartz spectrophotometer. The millimolar extinction coefficient (Em) of the Soret peak is 103 mm-L cm.-' per haematin group. The Kat. f. (Euler & Josephson, 1927) for this preparation is 143 000 at 25°as determined by the method of Bonnichsen, Chance & Theorell (1947) .
The maximum purity value obtainable for bacterial catalase is 0-92 where purity value is defined as the ratio E,emj6/Ems0 m, The purity value of the enzyme solutions used in these experiments was in the range 0-860-88 except for one set of measurements in the visible for which it was 0-82. Low absorption in the u.v. is necessary for the success of the experiments to be described below.
In preparation for each set of experiments, a concentrated solution of enzyme was dialysed against OO1m-phosphate buffer, pH 7-25+0-05. All dilutions were made with this type of buffer.
A Cary recording spectrophotometer was used. Preceding each set of experiments a base-line was obtainedover the spectral region of interest by recording with water in both the sample and reference cuvettes. Then the diluted catalase solution was placed in the sample cuvette, and the absorption spectrum of the free enzyme was recorded as a check upon the concentration and upon the proper functioning of the spectrophotometer.
Ethyl hydroperoxide was most kindly given by the Laboratory of Laporte Chemicals Ltd. Its concentration was measured by light-absorption at 230 m,u, where E,x is 0-043 mm-I cm.- ' (Reiche, 1931) .
The temperature at which these experiments were performed was not controlled, and varied from 24 to 260.
In the paramagnetic resonance experiments a radiofrequency field-modulated spectrometer of the type described by Llewellyn (1957) was employed. The magnetic field was slowly swept through the region of interest, a band width of 2 cyc./sec. was employed, and the signal was traced with a recording milLiammeter. The sensitivity was calibrated before each experiment with the same crystal of the Tutton salt, Zn(NH4),(S04)2,6H20, containing 1-6 % of Cu(NH4)2(SO4)2,6H20. In this salt the bivalent ions are in two differently orientated complexes, there being about 1-3 x 1015 Cu2+ ions of each type in the calibrating crystal. The signal-to-noise ratio at 900 K for a hyperfine line of half-width 7 oerateds was eight.
RESULTS

Conditions for maximum formation of compound I
When ethyl (or methyl) hydroperoxide reacts with catalase a transient green compound is formed, compound I. As compound I disappears, compound II and free catalase appear. (A summary of the peroxide compounds of catalase and peroxidase is presented in the preceding paper.) The experiment described in this section demonstrates that the maxima of concentration of compound I reached in this reaction are a non-equilibrium function of the concentrations of peroxide and enzyme.
The wavelength was fixed at 405 mp, and the extinction of free catalase solution was recorded. Upon a signal, between 0.05 and 0-10 ml. of ethyl hydroperoxide solution was blown from a pipette into the cuvette containing 3-0 ml. of enzyme solution, and the reaction mixture stirred with a rod previously placed in the cuvette. The time which elapsed from the signal until the stirring rod was removed was 7 or 8 sec. The recording was started exactly 10 sec. after the signal. Fig. 1 Fig. 2 . Because the reaction niixture is alnost entirely compound I for a period of about 2 min. during and after the steady-state period, it was possible to use the wavelength-scanning properties of the Cary spectrophotometer to assist in filling in the regions between the points determined from the steadystate measurements. Fig. 3A shows a scanning trace started at the beginning of a steady state at 550 m,u and run during 6-25 min. up to 700 m,i. Change in extinction on adding cyanide to a 8teady-8tate reaction mixture Chance & Herbert (1950) Chance (1949a) added cyanide to a mixture of horse-liver catalase and ethyl hydroperoxide and recorded the change of E 5m,,. Finding 'no appreciable' rapid reaction with cyanide, he concluded that ethyl and methyl hydroperoxide can bind all three of the haematins of horse-liver catalase. The difficulty in detecting the presence of free catalase at 435 miu is the same as that at 426 mp which is described in the last paragraph of this section. Without presenting further evidence, Chance & Herbert (1950) assumed that methyl hydroperoxide binds completely all four haematins of bacterial catalase. We show that free catalase is still present under the best conditions for the formation of compound I from ethyl hydroperoxide. From the absorption spectrum given by
Chance & Herbert, we infer that free catalase is also present in the reaction mixture with methyl hydroperoxide.
At 405 m,u the value of AEm, for the change from free catalase to the cyanide complex is -49 mm-' cm.-' per haematin. Indeed, as can be seen in Fig. 2 A steady-state reaction mixture was produced as described in the preceding sections. When the steady state was reached, the recorder was stopped, and 0-085 ml. of 0 013M-cyanide solution was blown into the reaction mixture containing 3-00 ml. of 1-06 uM-catalase (4.24puM-haematin) solution and 0-052 ml. of 0 017M-ethyl hydroperoxide. The recorder was started 10 sec. later. Fig. 4A is a record of one such experiment. The drop in E upon the addition of cyanide is apparent. However, part of this drop is due to dilution. Fig. 4B shows the dilution effect in an optically identical but non-reacting solution, 0 0055 extinction unit, which must be subtracted from the change observed in Fig. 4A . There remains a decrease of over 0-01 extinction unit, which demonstrates urnmistakably the presence of free haematin groups.
The conversion of compound I back into free catalase, which is immediately complexed by the cyanide, can be seen at the end of the record of Fig. 4A . This conversion can be studied more readily at 426 m,u where the difference in lightabsorption between compound I and the cyanide complex is greatest. The conversion, as shown in Fig. 5 , is accurately first-order with a rate constant of 8-6 x 10-3sec.-l. Therefore when the spectrophotometer was started 10 sec. after the cyanide was introduced, 8 % of the compound I which was present had already been converted into the cyanide complex. In the record shown in Fig. 4A , for example, the drop in E must be increased by 0-002. All factors taken into account, the amount of free catalase present at the steady state is at least 5% but not more than 10% of the total catalase. It should be possible to apply a rapid-flow technique to this method and achieve great accuracy in establishing the composition of the steady-state reaction mixture. Fig. 5 shows that at 426 m,u it is difficult to determine the unbound catalase accurately. Because the changes in E from free catalase and 256 1961
PRIMARY COMPOUNDS OF CATALASE AN]D PEROXIDASE
from compound I to the cyanide complex have the same sign, the immediate and exponential changes are in the same direction. The later change is rapid and would have to be accurately extrapolated to zero time. However, when dilution is considered, the effect of the free catalase is apparent.
Paramagnetic resonance experiments
The growth of crystals of bacterial catalase of sufficient size for solid-state paramagnetic resonance measurements has thus far been unsuccessful. We have made measurements on solutions where the broadness of the lines of the iron makes their detection impossible, but where the presence of free radicals might be observed. In earlier paramagnetic resonance measurements on aqueous solutions and freeze-dried samples, compound I of peroxidase has not produced a free radical signal (Chance & Fergusson, 1954) .
Two factors determine the concentration of free radicals which can be detected, the width of the absorption band and the saturation of the spin system. The spin-lattice relaxation times of free radicals are frequently long and saturation may occur at moderately high levels of input power. However, the intramolecular magnetic interactions among possible free radicals and the four iron atoms of catalase produce a short spin-spin relaxation time and saturation should not be reached in this particular spin system at the power used. Indeed, the intramolecular dipolar fields in haemoproteins seriously decrease the possibility of observing a signal from free radicals within the molecule because of line-broadening. A free radical in a porphyrin ring would be in the field of an iron atom distant only a few Angstr6m units. The line width of this radical signal would be too great for the absorption to be detectable. (The frequency of the Brownian rotation of the catalase molecule is low compared with the frequency corresponding to the line width. Whence the orientation of the intramolecular fields with respect to the applied d.c. field are not averaged over a sufficiently short time to decrease the effect of the dipolar interactions.) However, a radical in the protein moiety might be observed. The field at a radical, due to an iron atom of unit spin at a distance of 10k, would produce a line-broadening of (half) width less than 30 gauss (G). This signal would be observable.
Samples ofsteady-state reaction mixture (0-1 ml., 65-70 ,um-iron, 4 x 1015 spins) were introduced into small Pyrex tubes which were then placed in the 3 cm. cavity of the spectrometer. At room temperature the region g (Land6 splitting factor) = 1-9-2-3 was examined in sections appropriate to the lifetime of the green catalase compound. 
A. S. BRILL AND R. J. P. WILLIAMS
We have looked at the spectrum of peroxida8e compound I, which is well established (Fig. 8) , carefully seeking similarities with the catalase compound I spectrum. We note the following points. We have preferred the spectrum given by George (1953) for compound I in the visible and that of Fergusson (1956) in the ultraviolet for these authors give the most detailed spectra in the respective regions. Where comparisons can be made, there is little disagreement among different authors (i.e. Keilin & Hartree, 1951; Chance, 1952a) . We have not distinguished here between the different methods of preparing compound I, either from H202 or from reagents such as K2IrCl6.
The reasons for not making any distinction are largely those of Chance (1952b) and Fergusson & Chance (1955) . They will become clear in our discussion. (i) There is a band in the region of 650 m, which is weaker than the 662 my band of 10l 500 600 Wavelength (mu) Fig. 6 . Absorption spectrum of catalase compound I in the visible region, corrected for the presence of 7-5 % of free catalase in the steady-state reaction mixture. Points indicate the wavelengths at which changes in extinction coefficient were determined from steady-state measurements. The spectrum offree catalase is given for comparison.
catalase. (ii) There is a relatively much stronger broad band at about 540-590 m,. (iii) There is an absorption band in the region of 420-490 m,. The absorption in the region 420-450 mu is higher than that of free peroxidase. (iv) There is a weak Soret band but it is more pronounced than in catalase, being a little more than half of the usual intensity of the Soret bands in peroxidase complexes. This much weakened Soret band of compound I is at a longer wavelength than that of peroxidase itself. (v) There is quite high absorption in the region of 360 miA, but the absorption here is relatively less than in catalase compound I. There is no evidence as yet that peroxidase compound I absorbs more strongly than does peroxidase itself at shorter wavelengths than 360 m1, although this looks possible from the spectrum of Fig. 8 .
Before attempting to relate the spectra of the two compounds I, we draw attention to the following further facts about the catalase spectrum. The absorption in the region 330-500 m, is obviously not due to a single peak. It can be formulated most simply as a combination of three absorption peaks with maxima at 340-360, 405-415 and 450-460 m,u (Fig. 7) . The ratios of the heights of the assumed absorption peaks at 360 and 405 m, to that at 662 mit are about 3:1 and 4:1 respectively. The peak-height ratio 405 mu: 662 mp is very low compared with the corresponding ratio (usually 8-15: 1) of peak heights of the Soret band to any band in the visible region of the spectra of other iron protoporphyrin complexes. On the basis of these ob,ervations we regard the spectrum of compound I as being composed of two parts.
(a) A part due to a normal porphyrin-type complex with absorption in the Soret region 400-410 m,u, and Broken curves: analysis of this spectrum into three absorption bands. Fergusson (1956) . Visible region is from George (1953) . The spectrum of free peroxidase is given for comparison (broken curve).
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480 m, (the second charge-transfer band, see preceding paper) and between 540 and 600 m,u (the cx-and $-bands).
(b) A part due to some other type of complex which has bands in the region 340-360 mu and at 662 m,.
In clarification of point (b) we note that no known ferric protoporphyrin complex has such strong bands as low as 360 mp or as high as 662m,.
The usual 8-bands of haemoproteins are only about one-fifth of the intensity of the Soret bands. We have also examined the published spectra of compound I of erythrocyte catalase (Chance, 1952a) and find that, although undoubtedly partly in error, it has most of the outstanding features mentioned above.
This analysis of the spectrum of compound I of catalase can be extended to compound I of peroxidase, and shows that there is a close similarity between the two. We describe each as a combination of the two component spectra. For catalase compound I it is spectrum b with bands at 360 and 662 mp which predominates, whereas for peroxidase it is spectrum a with bands at 410, 480 and 580 m,u which predominates.
Magnetic-susceptibility measurements on the reaction of bacterial catalase with methyl hydroperoxide (Brill, 1960) show a change in molar susceptibility on going from the free enzyme to the steady-state reaction mixture of -7800 x 10-6 e.m.u. at 200. In order to calculate the concentration of compound I in the reaction mixture we need to know its spectrum. Rather than presume that the spectrum of catalase methyl hydroperoxide compound I is the same as that of ethyl hydroperoxide compound I, we have used the published data of Chance & Herbert (1950) . We believe this spectrum to be incorrect, owing to the presence of about 10 % of free catalase and the magnetic moment we calculate for catalase compound I is probably too high. Free catalase is a high-spin ferric complex of molar paramagnetic susceptibility 14 000-14 500 x 106 e.m.u., which makes the susceptibility of compound I 6000-6500 x 10-6 e.m.u. Theorell & Ehrenberg (1952) obtained a value of 6500 x 106 e.m.u. for compound I of peroxidase. These susceptibility values are close to the 'spin only' value of 6340 x 106 e.m.u. for a complex with average spin 3/2.
Thus the two compounds I of peroxidase and catalase are similar in magnetic moment. Table 2 shows that in those complexes where catalase and peroxidase have intermediate moments corresponding to between 1 and 5 unpaired electrons, the peroxidase complex has much the lower moment. This suggests that compound I is unlikely to be a simple complex of ferric iron which is the same for both catalase and peroxidase.
The magnetic evidence allows the possibilities that compound I is (a) a simple Fev complex of spin 3/2, (b) a mixture of iron complexes of average spin per iron close to 3/2, (c) a radical in the (i) porphyrin or (ii) protein moiety combined with a strong field FeIV state (unit spin), (d) a diradical in the porphyrin (unit spin) combined with a strong field Fern state (spin 1/2). The long half-life of compound I argues against the assumption of any radical, and we therefore are inclined to dismiss (c) and (d). Additional evidence against (c ii) is provided by the paramagnetic-resonance absorption spectra of catalase and peroxidase compounds I which give no signal for a radical of g= 2. We are unable to offer an explanation of the spectra of the peroxidase and catalase complexes on the basis of assumption (a). No metal porphyrin complex of spin 3/2 which is not a mixture of spin states is known. However, the CrX phthalocyanine complexes (spin 3/2) have been studied (Anderson, Bradbrook, Cook & Linstead, 1938 The evidence is that peroxidase is oxidized to compound I by peroxides at pH 7-0, but not at pH 11-0 (Chance, 1949b) , when peroxidase is present as the FeW-OH complex. The latter is a Table 2 . Magnetic moments in Bohr magnetons of coMplexes of catalase and of peroxidase (Hartree, 1946) (Chance, 1952 c) .
On the other hand, K2IrCl6 and K.Mo(CN)8 oxidize peroxidase to compound I only in alkaline solution (George, 1953) . Strong-field complexes are more readily oxidized by electron-transfer reagents such as K2IrCl and K3Mo(CN)8 -The reaction with chloroiridate would proceed as in Fig. 10 (Fig. 9 ) which we expect to be formed by H202. It is also a tautomer of component A.
The proportion of A to B will be a function of the relative stability of these components. Component B, which we shall call 'ROX' (for oxidized ring), is not a porphyrin but a bilepigment type of compound. It has a system of conjugated bonds like that of glaucobilin (Stern & Pruckner, 1937) , or hydroxyporphyrin haematin (Lemberg, Cortis-Jones & Norrie, 1938) . Glaucobilin has absorption bands at 360 m,u and 650-680 m,u and, unlike porphyrins, the ratio of the intensities of the bands is roughly 3-0. Hydroxyporphyrin haematin also has a spectrum with bands at 360 m,u and above 600 m,. These spectra bear marked similarities to that of part B of the compound I spectrum.
The magnetic moment of compound I demands that this ferric complex (assuming that it is a ferric complex) should have an average spin of about 3/2. We expect ROX, as a ferric-hydroxyl type of complex to have a moment less than that for spin 5/2 and probably closer to spin 1/2. POR is probably also of spin less than 5/2, but certainly of greater spin than ROX. The moments of the POR and ROX components of peroxidase should be lower than those of catalase to be consistent with known complexes ( so that the average moment of compound I of peroxidase (which is mostly POR) can well be the same as that of compound I of catalase (which is mostly ROX).
The changes in the absorption spectrum of ferric haemoproteins which occur as they are changed from the high-spin (5/2) type to types of intermediate spin (between 5/2 and 1/2) such as POR are known from studies of, for example, the influence of pH changes on the spectrum and paramagnetic susceptibility of metmyoglobin (Theorell & Ehrenberg, 1951) . As the magnetic moment falls we expect (a) a movement of the Soret band to longer wavelengths, (b) increased absorption between 530 and 590 m,, and (c) decrease in absorption at 630 m,u, and between 500 and 530 m,t. The same correlation, discussed in detail in the preceding paper, between changes in the absorption spectrum and magnetic moment has been shown by varying the ligand in methaemoglobin complexes (Scheler, Schoffa & Jung, 1957) . All these changes but one occur in the peroxidase reactions with hydroperoxides and are due to POR. The exception is the increase in absorption at 630 m,u which we have already attributed to the presence of some of the oxidized ring structure, ROX. For catalase, the Soret band does not shift perceptibly to the red because the POR component of catalase compound I should be of quite high spin. Also ROX is the major component and has a greater influence on the spectrum, tending to shift the Soret band to shorter wavelength. m-Dinitrobenzene is used industrially as a dyestuff internediate and as a constituent of mining explosives. Animals poisoned with m-dinitrobenzene develop methaemoglobinaemia, anaemia, liver damage, convulsions and cerebral paralysis (Kunz, 1942; Kiese, 1949) . The tissues of rabbits dosed with m-dinitrobenzene have been shown to contain m-nitroaniline (Belaborodova, 1945) and m-nitrophenylhydroxylamine (Lipschitz, 1920) , and reduction of m-dinitrobenzene to m-nitrophenylhydroxylamine has been demonstrated in vitro in rabbit muscle (Comel, 1931) and blood (Lipschitz, 1948) . In the presence of fermenting yeast, mdinitrobenzene is converted into m-nitroaniline and 3:3'-dinitroazoxybenzene (Neuberg & Reinfurth, 1923) which is probably an artifact of m-nitrophenylhydroxylanine forined by atmospheric oxidation. The formation of dinitroazoxybenzene is evidence of the probable stepwise reduction of mdinitrobenzene to m-nitrosonitrobenzene, m-nitrophenylhydroxylamine and m-nitroaniline.
The present work with m-dinitro[14C]benzene has made it possible to account for the greater part of an oral dose, most of;which is quickly excreted in the urine as m-nitroaniline, m-phenylenediaanine, 2-amino-4-nitrophenol and 2:4-diaminophenol, together with traces of 2:4-dinitrophenol, 4-amino-2-nitrophenol, m-nitrophenylhydroxylamine and artifacts derived from this, and unchanged m-dinitrobenzene. (Parke, 1956) . Unlabelled m-dinitrobenzene (2 g.) was added to the solid residue which remained after distillation of the nitro[14C]benzene, and the material was recrystallized from ethanol until it was shown
